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(54) Optical system and apparatus for laser heat treatment and method for producing 
semiconductor devices by using the same 



(57) An optical system that controls laser beam spot 
profile for forming a high performance thin film (5) by a 
laser heat treatment process is provided. In the optical 
system that irradiates a rectangular laser beam (2) on a 
film (5) formed on a substrate (7), intensity distribution 
forming means (30) make the intensity distribution uni- 
form in the longitudinal direction while maintaining the 
properties of the laser beam (2) such as directivity in the 



direction of the shorter side, thereby making it possible 
to concentrate the light to a limit permitted by the nature 
of the laser beam (2) and achieve the maximum inten- 
sity gradient on the film (5) disposed on the substrate 
(7). Thus, a steep temperature distribution can be gen- 
erated on the film (5) disposed on the substrate (7) and, 
as a result, high performance thin film can be formed. 



CD 

CO 



Q 

m 

Q 

CD 

O 
O 




CO 
CO 



Q_ 
LU 



Printed by Xerox (UK) Business Services 
2.16.7 (HRS)/3.6 



BNSDOCID: <EP 1063049A2_I_> 



1 



EP 1 063 049 A2 



2 



Description 

BACKGROUND OF THE INVENTION 
Field of the Invention 

[0001] The present invention relates to an optical 
system and apparatus for laser heat treatment, and to a 
method for producing semiconductor devices by laser 
crystallization using heat-treating a thin silicon thin film 
formed on a substrate to convert an amorphous or poly- 
crystalline silicon thin film into coarse-grained silicon. 

Prior Art 

[0002] The pixel section of a liquid crystal display 
panel is constituted from thin film switching transistors 
formed from an amorphous or polycrystalline silicon thin 
film on a substrate of glass or synthesized quartz. A 
driver circuit for driving the pixel transistors have been 
arranged mostly outside the panel, but if such a driver 
circuit were formed together in the panel, tremendous 
advantages would be achieved in terms of reliability of 
the liquid crystal panel with lowered cost of production. 
[0003] At the present, however, since the active 
layer of the transistors has been made of a silicon thin 
film of low crystallinity, the thin film transistor has poor 
performance exemplified by low mobility, thus making it 
difficult to incorporate an integrated circuit having the 
required high-speed operation and high performance to 
the display panel. 

[0004] It has been found that crystallinity of thin film 
silicon and carrier mobility in the thin film transistors 
formed therefrom is related to each other, as described 
below. Thin film silicon for the pixel transistors has been 
obtained by laser heating of amorphous silicon for crys- 
tallization, which is generally potycrystaJ having a great 
number of lattice defects concentrated in the grain 
boundaries of the crystallized silicon thin film which sig- 
nificantly impede carrier mobility in the active layer of 
thin film transistors. In order to improve mobility in the 
thin film transistors, such measures are taken as reduc- 
ing the number of times the carriers cross the grain 
boundaries in the process of migration in the active 
layer, and decreasing the concentration of lattice 
defects. 

[0005] Techniques to improve crystallinity of thin 
film silicon include heat treating with laser for providing 
higher mobility for thin film transistors. A purpose of the 
heat treating by laser is to enlarge crystal grains and 
lessen lattice defects in the grain boundaries of the sili- 
con thin films. 

[0006] Attempts of heat treatment with laser have 
been reported by B. Rezeck in Jpn. Journal Appl. Phys. 
vol. 38 (1999) pp. L1083-L1084 2nd part No.lOA, and 
by J. Carvalho, et al. in Mat. Res. Soc. Symp. Proc, 
Vol.358, 1 995, pp91 5-920. Laser light used in the works 
reported in these references is the second harmonics 



(wavelength 532 mm) generated by an Nd.YAG laser. 
Fig. 1 2 shows such an example of laser heat treatment 
apparatus that includes an optical system for laser heat 
treatment using the second harmonics of an Nd:YAG 

5 laser. An oscillator 1 in said apparatus uses the second 
harmonics (wavelength 532 nm) generated by an 
Nd:YAG laser, which is a representative pulsed laser 
source of visible light used for the heat treatment appli- 
cation. A laser beam 2 from the laser apparatus is 

10 focused by a condenser lens 4 to irradiate on and heat 
an amorphous, or polycrystalline silicon thin film 5 
which has been previously deposited over a substrate 7 
via a base layer 6. The amorphous silicon layer 5 in the 
irradiated area is molten by the heat generated by the 

r 5 pulse laser beam 2, and is then cooled to crystallize into 
coarse-grained silicon layer on the substrate. 
[0007] According to the reports quoted above, the 
conventional laser beam has a profile characterized by 
rotationally symmetrical Gaussian distribution at the 

20 point of irradiation, thus causing crystal grains to grow in 
radial directions in a rotationally symmetrical pattern, as 
shown in Fig. 13, in the crystallization process of the 
molten silicon. Consequently, since the porycrystaMine 
silicon thin film has very poor uniformity within the plane 

25 after heat treatment with laser, there has been reported 
no attempts of producing thin film transistors with this 
technique. 

[0008] Meanwhile, the excimer laser having shorter 
wavelength has been used in heat treatment utilizing a 

30 linear beam profile. This is based on a completely differ- 
ent concept from that of heat treatment with laser light of 
a wavelength not shorter than 330 nm. Since the heat 
treatment with laser light of a wavelength not shorter 
than 330 nm causes crystal growth of the molten silicon 

35 within the plane, namely in the horizontal directions as 
described above, it is employed for forming large crystal 
grains. On the other hand, since heat treatment with 
excimer laser causes crystal growth in the direction of 
film thickness (vertical direction), it is employed merely 

4o for the purpose of improving the uniformity of the film 
quality within plane after heat treatment with laser and 
improving the productivity, not for the purpose of grow- 
ing large grains. 

[0009] An optical system for forming a linear beam 
45 profile from a laser beam generated by an excimer laser 
is disclosed in Japanese Patent Publication Nos. 11- 
16851 and 10-33307. The laser beam emitted by the 
excimer laser oscillator is, after passing a cylindrical 
lens array arranged in two directions intersecting at right 
so angles with each other in a plane perpendicular to the 
optical axis of the beam, concentrated by a focusing 
lens and is processed by a beam homogenizer that 
equalizes the intensity distribution in the two directions, 
resulting in converging widths that are different in the 
55 two directions. 

[0010] In a heat treatment using a laser beam that 
has a rectangular cross section, the light intensity distri- 
bution profile must be optimized in order to produce thin 
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film transistors having excellent characteristics. It is 
because the intensity distribution profile in the beam 
width direction has especially great effect on the grow- 
ing process of crystal, and the distribution in the longitu- 
dinal direction governs the region where the crystal 
grows. However, the conventional optical systems used 
for forming linear beams do not allow it to select a 
proper profile in the direction of width. Also because the 
beam is homogenized in both perpendicular directions, 
it has not been possible to converge the linear beam to 
an extremely small width. 

SUMMARY OF THE INVENTION 

[0011] The present invention has been made to 
solve the problems described above. An object of the 
present invention is to provide an optical system that 
controls a light intensity distribution of laser into the opti- 
mized profile for forming excellent crystallinity of a thin 
film with coarse crystal grains and then reduced lattice 
defects which is required for producing high perform- 
ance of thin film transistors. 

[0012] Another object of the present invention is to 
provide an optical system for achieving a laser beam 
shape of extremely narrow rectangular shape suitable 
to relatively scan the beam to the thin film on the sub- 
strate and a very steep light intensity distribution in the 
direction of scanning the film surface. 
[001 3] Still another object of the present invention is 
to provide a laser heat-treating apparatus for forming 
excellent crystallinity of a thin film silicon required for 
producing high performance for thin film silicon transis- 
tors. 

[001 4] A further object of the present invention is to 
provide a method of producing a thin film semiconductor 
of excellent crystallinity required for producing higher 
performance thin film transistors. 
[0015] An optical system for laser heat treatment 
according to the present invention includes an intensity 
distribution forming means for controlling the light inten- 
sity distribution of a laser beam emitted by a laser oscil- 
lator for the purpose of heat-treating a film material 
formed on a substrate by irradiating laser light thereon, 
and a beam shape forming means for forming a rectan- 
gular beam shape on a film on the substrate. The inten- 
sity distribution forming means makes uniform 
distribution of the light intensity of the laser beam emit- 
ted from the laser oscillator in one direction within the 
cross section of the beam, while maintaining the pri- 
mary intensity distribution of the laser beam as emitted 
by the laser oscillator to the other direction perpendicu- 
lar to the former direction, and then the beam shape 
forming means changes the beam having such intensity 
distribution from the intensity distribution forming means 
into a beam rectangular in cross section and projects 
this laser beam onto the film material to be heated. The 
beam shape forming means may enlarge and/or 
reduces the beam profile in the one direction and/or in 
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the other direction before passing through the beam 
shape forming means to achieve uniform heating of the 
film material. 

[0016] The optical system of the invention enables 
5 possible control of the temperature distribution on the 
film and achieves a laser beam spot profile for uniform 
heating. 

[0017] An intensity distribution forming means in 
the present invention may cause a part of the laser 

10 beam reflected a plurality of times in one direction in the 
cross section of the laser beam, and combines the 
reflected part and straight passing part of the laser 
beam, thereby to form a uniform light intensity distribu- 
tion of the beam. Such an intensity distribution forming 

15 means preferably may includes a pair of reflecting 
planes opposed to each other with a distance therebe- 
tween. 

[0018] The intensity distribution forming means 
may employ a waveguide structure for limiting a spread 

20 of a primary laser beam having a Gaussian energy dis- 
tribution along only one direction in the cross section of 
the laser beam, thereby to form uniform intensity distri- 
bution to said direction. The intensity distribution form- 
ing means may also use a waveguide having a pair of 

25 reflecting planes which are opposed to each other and 
parallel or tapered to the direction. 
[0019] Another intensity distribution forming means 
may employ a pair of separated cylindrical lens with a 
distance therebetween which are separated in one 

30 direction in the cross section of the laser beam, to focus 
parts of the beam to the one direction and straiten in the 
other perpendicular direction, thereby to form a uniform 
intensity distribution to the one direction while maintain- 
ing the Gaussian distribution in the other direction. 

35 [0020] On the other hand, a beam shape forming 
means in the invention functions to project the beam 
having uniform intensity distribution in the one direction 
from the intensity distribution forming means onto a film 
to be heated on the substrate. Also, in projecting the 

40 beam, the beam shape forming means may be 
arranged in such a configuration that a uniform intensity 
distribution obtained from the intensity distribution form- 
ing means in the one direction is transferred with a suit- 
able rectangular shape to the film, thereby to determine 

45 a shape of the longitudinal direction of the rectangular 
beam projected on the film. As a example of a simple 
beam shape forming means, a transfer lens such as a 
spherical lens may be used for transferring. 
[0021] Further, the beam shape forming means 

so may also focus the laser beam emitted by the from the 
intensity distribution forming means onto the film only in 
at least one direction in the cross section of the beam, 
thereby determining the profile of the direction of the 
shorter side of the rectangular beam spot on the film. 

55 The beam shape forming means may be a condenser 
lens that is used to focus the light onto the film. A cylin- 
drical lens may be used for the condenser lens. In this 
lens configuration, a steep light intensity distribution 
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may be determined in the direction of the shorter side of 
the rectangular beam shape on the film on the sub- 
strate. 

[0022] The beam shape forming means may also 
include a combination of plurality of cylindrical lenses s 
and/or spherical lenses. These configurations can form 
a uniform intensity distribution in the direction of longer 
side of the rectangular beam shape on the film on the 
substrate as well as a steep light intensity distribution 
may be formed in the direction of the shorter side, while io 
irradiating laser beam of any desired shape. All or some 
of the plurality of cylindrical lenses or spherical lenses 
may be aspherical lenses. The light intensity distribution 
in the direction of the shorter side of the rectangular 
beam shape on the film can be made steep up to the 15 
limit permitted by directivity nature of the laser beam. 
[0023] The optical system for laser heat treatment 
of the present invention may include a knife edge fitted 
in proximity to the film in parallel to the direction of the 
longer side of the rectangular beam shape on the film. 20 
The knife edge is capable of defining the beam shape 
and making the light intensity distribution steeper. 
[0024] In the invention, the optical system may pref- 
erably use a pulsed laser for heating a thin film applied 
on a substrate. Particularly, the optical system for laser 25 
heat treatment may be provided with a pulse width 
extension means which separates a primary pulsed 
laser beam emitted form a oscillator into at least two dif- 
ferent optical paths having different path lengths, and 
thereafter overlap the partial beams in a single path to 30 
extend a range of laser plus time. Such a pulse width 
extension means may be arranged anywhere between 
the laser oscillator and a beam shape forming means, 
or, in some case, just in front of the substrate. Since 
pulse width of the laser can readily be established, 35 
duration of the crystal growth can be controlled accord- 
ing to different thickness of thin films. 
[0025] The invention includes an apparatus for 
laser crystallization comprising the optical system for 
laser heat treatment described above and a stage that 40 
mounts a substrate on which the thin film have been 
applied. In particular, the apparatus of the present 
invention can be applied to production of semiconductor 
devices wherein the optical system scans the laser 
beam of rectangular cross section irradiated on the sur- 45 
face of a semiconductor film such as thin film silicon, 
applied on a substrate, continuously heating and cool- 
ing the surface to form coarse crystal grains in the sem- 
iconductor film during melting and crystallizing process. 
[0026] The semiconductor film may be prepared of so 
amorphous or polycrystalline silicon thin film deposited 
on the substrate. The coarse-grained silicon thin films 
fabricated by this method can be widely applied for pro- 
ducing thin film transistors for visual signal processing 
use. 55 
[0027] A laser oscillator in the laser heat treatment 
apparatus of the present invention may generate a laser 
beam having wavelength in a range from 330 nm to 800 



nm; this wavelength allows thin film silicon to be heated 
uniformly in the direction of thickness of the silicon thin 
film. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0028] The present invention will be described in 
more detail below with reference to the accompanying 
drawings, in which: 

Fig. 1 A shows an schematic optical system for laser 
heat treatment according to the present invention; 
Figs. 1B to 1 D show light intensity distributions in x 
and y directions and beam sectional shapes at 
each part of a intensity distribution forming means 
and a beam shape forming means of the optical 
system shown in Fig. 1 A; 

Fig. 2 shows a schematic configuration of crystal- 
lized grains of a thin film silicon after laser heat 
treatment by scanning a rectangular-shaped laser 
beam which is irradiated onto a thin film deposited 
silicon on a substrate using the optical system for 
laser heat treatment according to the present inven- 
tion; 

Fig. 3A shows an optical system for laser heat treat- 
ment according to an embodiment of the present 
invention, particularly intensity distribution forming 
means for x direction; 

Fig. 3B is a part the optical system of Fig. 3A and 
shows intensity distribution forming means for y 
direction; 

Fig. 4A shows an optical system for laser heat treat- 
ment according to another embodiment of the 
present invention, particularly intensity distribution 
forming means for x direction; 
Fig. 4B is a part the optical system of Fig. 4A and 
shows intensity distribution forming means for y 
direction; 

Fig. 5A shows an optical system for laser heat treat- 
ment according to another embodiment of the 
present invention, particularly intensity distribution 
forming means for x direction; 
Fig. 5B is a part the optical system of Fig. 5A and 
shows intensity distribution forming means for y 
direction; 

Fig. 6 shows an optical system for laser heat treat- 
ment according to another embodiment of the 
present invention; 

Fig. 7 shows an optical system for laser heat treat- 
ment according to an embodiment of the present 
invention; 

Fig. 8A shows an optical system for laser heat treat- 
ment according to the embodiment of the present 
invention, particularly intensity distribution forming 
means for y direction; 

Fig. 8B is a view similar to Fig. 8A, showing inten- 
sity distribution forming means for x direction; 
Figs. 9A and 9B are graphs showing light intensity 
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distributions on an amorphous or polycrystalline sil- 
icon thin film according to an embodiment of the 
present invention; 

Fig. 1 0 shows an optical system for laser heat treat- 
ment according to another embodiment of the s 
present invention; 

Fig. 1 1 shows an optical system for laser heat treat- 
ment according to further another embodiment of 
the present invention; 

Fig. 1 2 is a schematic diagram showing a laser heat w 
treatment apparatus including an optical system for 
laser heat treatment of the prior art; and 
Fig. 1 3 is a schematic diagram showing the layout 
of crystal grains of a silicon thin film formed by heat 
treatment with laser having rotationally symmetrical is 
Gaussian profile of the prior art. 

PREFERRED EMBODIMENTS OF THE INVENTION 

[0029] Fig. 1A shows a schematic configuration of 20 
an optical system for laser heat treatment of the inven- 
tion. The optical system includes a laser oscillator 1 , an 
intensity distribution forming means 30 and an beam 
shape forming means 40, which are arranged so that a 
laser beam 2 emitted from the laser oscillator 1 passes 25 
through the intensity distribution forming means 30 and 
the beam shape forming means 40, while the beam 
shape forming means 40 is positioned so that the beam 
converges on the surface of a silicon thin film 5 to be 
crystallized, as a thin film material, applied on a sub- 30 
strate 7. 

[0030] typically, the laser beam 2 as emitted from 
the laser oscillator 1 is to has Gaussian distribution in a 
manner that beam shape PA is circular at an beam 
entrance plane A of the intensity distribution forming 35 
means 30, while both intensity distribution XA in x direc- 
tion at Plan A and intensity distribution YA in y direction 
orthogonal to the x direction at plane A are substantially 
Gaussian distributions, as shown in Fig. 1 B. 
[0031 ] According to the present invention, the inten- 40 
sity distribution forming means 30 maintains the Gaus- 
sian profile of the intensity distribution in x direction and 
smoothes the intensity distribution only in the y direc- 
tion, namely, forming a rectangular distribution. As a 
result beam shape PB at an exit plane B of the intensity 45 
distribution forming means 30 is converted to substan- 
tially rectangular shape as shown in Fig. 1 C. Intensity 
distribution XB in x direction at the plane B is maintained 
as same as the intensity distribution XA in x direction at 
the plane A, and intensity distribution YB in y direction at so 
the plane B is formed in substantially top hat shape. 
[0032] The laser beam that has passed the intensity 
distribution forming means 30 is extended or depressed 
by the beam shape forming means 40 with desired 
magnitude in the x and y directions to obtain a beam of 55 
rectangular shape as shown in Fig. 1 D, which is irradi- 
ated on the silicon thin film 5 on the substrate 7. Namely, 
the beam shape forming means reduces and/or 
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enlarges the dimension of the laser beam received from 
the intensity distribution forming means in the x direc- 
tion and/or the y direction to form a rectangular elon- 
gated beam shape which is small in the x direction and 
large in the y direction on the film surface projected. 
[0033] The beam of such a rectangular shape is 
irradiated onto the silicon thin film 5 while being 
scanned relatively to the thin film 5, thereby heat the film 
surface continuously. When the direction of width for 
beam cross section rectangle is defined as x direction 
and the longitudinal direction is defined as y direction 
(referring to Figs. 1 C to 1 D and Fig. 2), beam shape PC 
on film surface C on the substrate has such a profile as 
the intensity distribution XC in the x direction on plane C 
is a reduction of the intensity distribution XA in x direc- 
tion on the plane A, with the high directivity of the laser 
beam 2 being maintained while the intensity distribution 
YC in y direction on plane C is made substantially uni- 
form. 

[0034] A target to be irradiated with the rectangular 
laser beam may be a silicon thin film previously applied 
on a substrate. The substrate 7 may be fabricated glass 
or ceramics, and has a base layer of silicon dioxide 
formed thereon. The base layer of silicon oxide may be 
formed to a thickness of about 200 nm using chemical 
vapor deposition (CVD) technique. 
[0035] AS a silicon thin film, amorphous or poly- 
crystalline silicon may deposited on the base layer to a 
thickness of about 50-100 nm, typically, 70 nm by low 
pressure chemical vapor deposition (LPCVD) or other 
deposition techniques. 

[0036] The film may be made of material other than 
silicon-based material, such as amorphous germanium, 
which is formed to a coarse-grained crystalline germa- 
nium thin film. 

[0037] In an application of the optical system of the 
present invention, the substrate 7 is preferably placed 
on a movable stage. In this case, the thin film surface is 
irradiated with the laser beam while making relative 
movement in the x direction by moving the stage with 
respect to the fixed optical system. Alternatively, the 
laser beam from the optical system may be scanned rel- 
ative to the substrate 7 on a stationary stage by using a 
proper scanning equipment for sweeping the beam. 
[0038] When the film material 5 applied on the sub- 
strate is irradiated with the laser beam which is moving 
at a constant rate, the film material 5 is heated through 
absorption of the laser light and is melted in a rectangu- 
larly irradiated area corresponding to the cross section 
of the moving beam. At this time, temperature gradient 
is not generated in the longitudinal direction of the rec- 
tangular beam spot i.e.. in y direction, since the inten- 
sity distribution of the laser beam 2 is uniform in this 
direction, with rather great temperature gradient gener- 
ated only in x direction. As the beam spot is going way 
from a heated area, the molten area gradually is cooled 
and then crystal growth proceeds along the direction of 
temperature gradient, thus resulting in one-dimensional 
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growth in moving direction of the laser beam, i.e., in x 
direction, which leads to the formation of crystal grains 
as large as several micrometers. As shown in Fig. 2, 
crystal grains of the polycrystalline thin film silicon 
formed by this laser crystallization treatment are coars- 
ened and oriented in the direction of shorter side of the 
beam cross section, which is the direction of crystal 
growth, i.e., in the direction of moving the movable 
stage. 

[0039] The process of crystal growth in x direction is 
heavily influenced by the temperature gradient along x 
direction in the film 5, corresponding to the light intensity 
distribution in the width direction of the rectangular 
beam cross section irradiated thereon. Heat generated 
in the thin film 5 on the substrate by the laser beam is 
dissipated uniformly into the substrate. This means that 
temperature in the film on the substrate decreases 
monotonously along x direction. Crystal growth pro- 
ceeds horizontally from a portion where the film temper- 
ature has lowered earlier below the melting point, to a 
portion where the film temperature lowers later below 
the melting point. And the crystal growth in the x direc- 
tion is stopped by fine grains generated by natural 
nucleation as the temperature lowers. Thus, satisfactory 
coarsening crystal growth can be achieved provided 
that sufficiently long crystals can be grown in a relatively 
long period of time within which the natural nucleation 
can take place, which requires a high crystal growing 
rate. 

[0040] The crystal growing rate v in a region x is 
related to the temperature gradient AT/Ax in the region 
by the following equation. 

V =kAT/Ax 

where Ax is infinitesimal length of the region in x direc- 
tion, AT is the temperature difference across the infini- 
tesimal length, and k is a proportionality constant. A 
sharper temperature gradient to the x direction at a tem- 
perature near the melting point in a region increases 
crystal growth rate, thereby enabling large crystal grains 
to form in the crystallized polycrystalline silicon thin film 
to obtain high crystallinity which is required for produc- 
ing the high-performance, thin film transistors. 
[0041] Since in the optical system described above 
the intensity distribution in width direction of the beam 
cross section is capable of maintaining high directivity of 
the laser beam, the light can be concentrated up to the 
limit imposed by the nature of the laser beam 2 so as to 
obtain the maximum gradient in the light intensity on the 
thin film 5. This enables control of any desired intensity 
distribution of laser beam under the maximum gradient, 
thereby controlling temperature distribution in x direc- 
tion in the film 5 on the substrate. 
[0042] The optical system of the present invention 
preferably employs a laser having an oscillation wave- 
length in a range from 330 nm to 800 nm. Light of a 
wavelength in this range, in applying to the film 5 made 



of amorphous or polycrystalline silicon thin film, can 
penetrate inside the thin film due to a relatively low 
absorption coefficient by the amorphous silicon, and 
therefore achieves substantially uniform heating. Hori- 

5 zontal temperature distribution in the silicon thin film 
due to the irradiation with laser is formed only in the x 
direction. As a result, a portion of the film 5 on the sub- 
strate made of the amorphous or polycrystalline silicon 
thin film that corresponds to a portion of the beam hav- 

10 ing light intensity not less than a certain level is molten 
throughout the depth. 

[0043] A solid state laser harmonics generator is 
preferably used as a laser having an oscillation wave- 
length in a range from 330 nm to 800 nm. Second har- 

15 monies (532 nm) or third harmonics (355 nm) of an 
Nd:YAG laser, second harmonics (524 nm) or third har- 
monics (349 nm) of an Nd:YLF laser, or second har- 
monics (515 nm) or third harmonics (344 nm) of an 
Yb:YAG laser may be used. Fundamental wave or sec- 

20 ond harmonic of a Ti: sapphire laser may also be used. 
[0044] Solid state laser harmonics generators may 
preferably be used to obtain efficient laser light in the 
above wavelength range using a compact apparatus 
and to continue stable operation for a long period of 

25 time. Using the harmonics generators can heat amor- 
phous or polycrystalline silicon thin film so uniformly in a 
direction of thickness as to create coarsely grown grains 
in the film, and reliably perform high crystallinity with 
reduced lattice defects in the silicon thin film. Thus this 

30 optical system and apparatus can provide laser beam 
profiles capable of uniformly forming high-quality thin 
film. 

[0045] Moreover, the optical system of the present 
invention is capable of heat-treating a silicon oxide film 

35 that Is an insulating film, in addition to semiconductor 
materials, thereby improving the quality thereof. The 
optical system is applicable also to such uses as heat 
treatment of an ITO film, that is a light transmitting elec- 
trically conductive film, with laser thereby to Improve the 

40 performance thereof through crystallization and 
increase the density. Further the optical system is appli- 
cable to heat treatment of various thin films for improv- 
ing the performance of the film on the substrate to 
absorb laser light 

45 

Embodiment 1 

[0046] Fig. 3A and 3B show an optical system for 
laser heat treatment of an embodiment of the present 

so invention, wherein an intensity distribution forming 
means 30 comprises a light transmitting element or 
waveguide that has totally reflecting planes. The inten- 
sity distribution forming means 30 may employ a light 
transmitting element with a pair of reflecting planes 

55 opposite to each other, for example, a wedge-shaped 
transparent element 31 made of a fight transmitting 
material. Another light transmitting element or lightguide 
may use a pair of tapered or parallel mirrors opposed to 
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each other with a distance slightly narrower than a 
diameter of the primary laser beam. 
[0047] Description shows an example of using the 
wedge-shaped transparent element 31. The wedge- 
shaped element 31 is a tapered transparent block 
formed in the shape of a wedge, with the dimension in y 
direction decreasing toward the tip as shown in Fig. 3A, 
and the reflecting planes are separated at a distance 
slightly narrower than a diameter of the gaussian distri- 
bution of the primary laser beam, whereas, as shown in 
Fig. 3B, the dimension in x direction remains enough 
wide and constant to pass the laser beam. 
[0048] The wedge-shaped element has a function 
to reflect only a y-directional outer part of the primary 
laser beam 2, which is emitted from the laser oscillator 
1 , incident on the wider surface of the block, by both 
tapered planes in y direction of the block. Thus, only the 
outer part of the laser beam 2 is reflected from periph- 
eral reflecting planes with respect to y direction, and the 
light reflected on the peripheries is combined with the 
light from the middle portion passing between the 
reflecting planes at the emerging surface on the nar- 
rower end of the wedge-shaped element 31, thereby 
forming a substantially uniform intensity distribution. In x 
direction, on the other hand, the laser beam 2 is output 
while maintaining the directivity thereof due to the width 
of the wedge-shaped element 31 being made larger 
than the width of the laser beam 2. 
[0049] In the configurations described above, the 
laser beam spot profile can be obtained for forming 
high-quality crystallized thin film uniformly in the area 
direction easily by heat treatment with laser. 
[0050] The wedge-shaped element 31 may com- 
prise, instead of the light transmitting block described 
above, a hollow body having a pair of mirrors disposed 
to oppose each other in an inclined configuration such 
as said wedged reflecting planes, with similar effects to 
those described above. 

Embodiment 2 

[0051] In this embodiment, the intensity distribution 
forming means employs a condenser lens 32 and a 
waveguide 33 consisting of a pair of reflecting planes 
disposed to oppose each other in front of the lens 32. 
[0052] The waveguide 33 may comprise a light 
transmitting block having two totally reflecting planes 
opposed to each other, or a pair of mirrors opposed to 
each other. 

[0053] For the condenser lens 32 which focuses the 
laser beam emitted by the oscillator into the waveguide 
33, a spherical convex lens or a cylindrical convex lens 
may be used to converge or diverge in y direction the 
light into a waveguide. 

[0054] An example of the intensity distribution form- 
ing means 30 is a combination of a spherical lens used 
as the lens 32 and a narrow light emitting block used as 
the waveguide 33. In this example, a pair of wide sur- 



faces perpendicular to y direction of the block are used 
as totally reflecting planes. 

[0055] The laser beam 2 emitted from the laser 
oscillator 1 is introduced by the convex lens 32 into the 

5 block of the waveguide 33 which is a block having a pair 
of surfaces perpendicular to y direction disposed sub- 
stantially parallel to each other, and therefore the laser 
beam 2 that is introduced by the convex lens 32 into the 
block and diverged in y direction is totally reflected on 

io the pair of surfaces. As a result, the laser beam 2 is 
reflected from peripheries with respect to y direction, 
while light reflected on the peripheries and light from the 
middle portion are combined at the exit of the 
waveguide 33, thereby forming a substantially uniform 

15 intensity distribution. In x direction, on the other hand, 
the laser beam 2 is output while maintaining the directiv- 
ity thereof due to the width of the waveguide 33 being 
made larger than the width of the laser beam 2. 
[0056] According to the optical system described 

20 above, in a simple configuration of the intensity distribu- 
tion forming means the desirable laser beam spot pro- 
file can be obtained for forming a uniformly coarse- 
crystallized thin film silicon having high quality easily. 

25 Embodiment 3 

[0057] In another embodiment, the intensity distri- 
bution forming means 30 of the optical system for laser 
heat treatment comprises separated cylindrical lenses 
30 34 that consist of two semi-cylindrical lenses, which are 
two halves obtained by dividing a single cylindrical lens 
at the center thereof, spaced from each other as shown 
in Fig. 5A and 5B. 

[0058] As shown in Fig. 5A, the separated cylindri- 
35 cal lenses 34 and 34 separated along y direction are 
disposed with the longitudinal direction thereof being 
disposed in x direction. The laser beam 2 emitted by the 
laser oscillator 1 is separated into a peripheral radiant 
fluxes refracted by the semi-cylindrical lenses and a 
40 middle radiant flux that passes straight between the two 
semi-cylindrical lenses. The separated radiant fluxes 
are combined with the middle radiant flux at the 
entrance of the beam shape forming means 40 to form 
a substantially uniform intensity distribution. In x direc- 
ts tion, on the other hand, the laser beam 2 is output while 
maintaining the directivity thereof due to the width of the 
separated cylindrical lenses 34 being made larger than 
the width of the laser beam 2. 

[0059] With the intensity distribution forming means 
so having the configuration as described above, the laser 
beam spot profile can be obtained for forming a uniform 
thin film having high quality with reduced loss of laser 
light by the laser heat treatment process. 

55 Embodiment 4 

[0060] The fourth embodiment shows a specific 
example of the beam shape forming means 40 which 
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includes a transfer lens 41 . The transfer lens 41 may be 
either a single lens or a combination of a plurality of 
lenses. The example shown in Fig. 6 depicts the trans- 
fer lens 41 where a single convex lens is used as the 
beam shape forming means 40. 

[0061] As shown by the first through fourth embodi- 
ments, the intensity distribution forming means 30 
transforms the shape of the laser beam 2 emitted by the 
laser oscillator 1 into substantially rectangular shape 
and, while maintaining the intensity distribution in x 
direction same as the intensity distribution of the laser 
beam 2, forms the intensity distribution YB in y direction 
in top hat shape. The transfer lens 41 as the beam 
shape forming means 40 irradiates the film 5 on the 
substrate with the laser beam while reducing or expand- 
ing the intensity distribution of the beam obtained by 
means of the intensity distribution forming means 30. 
[0062] The beam shape forming means described 
above is capable of forming the beam with an intensity 
distribution that is uniform in y direction, and can irradi- 
ate the film 5 formed from amorphous or polycrystalline 
silicon thin film on the substrate with the laser beam, 
that has the intensity distribution in x direction, and 
scanning it in x direction. During heat treatment with 
laser, the laser beam spot profile can be obtained for 
forming a uniform thin film having high quality with a 
simple configuration. 

Embodiment 5 

[0063] As a special example of the beam shape 
forming means 40 consisting of a single lens described 
in the fourth embodiment, a lens that concentrates the 
light only in one direction can be used. Rg. 7 shows 
such an example of condenser lens comprising a cylin- 
drical lens. The condenser lens may be either a single 
lens or a combination of a plurality of lenses. 
[0064] As described above, the intensity distribution 
forming means 30 transforms the shape of the laser 
beam 2 emitted by the laser oscillator 1 into substan- 
tially rectangular shape and, while maintaining the 
intensity distribution in x direction same as the intensity 
distribution of the laser beam 2, forms the intensity dis- 
tribution in y direction in top hat shape. 
[0065] According to this embodiment, the beam 
formed in the rectangular shape is concentrated only in 
x direction of the intensity distribution obtained with the 
intensity distribution forming means 30 by the con- 
denser lens 42 that is the beam shape forming means 
40 thereby irradiating the film 5 on the substrate with the 
laser beam. 

[0066] Since laser light can be concentrated by the 
beam shape forming means that employs the con- 
denser lens to a limit permitted by the property of the 
laser beam 2 such as directivity in x direction, gradient 
of the laser light irradiation intensity can be made steep 
and the film 5 on the substrate made of amorphous or 
polycrystalline silicon thin film can be irradiated with the 



laser light, thereby making it possible, during heat treat- 
ment with laser, to obtain the laser beam spot profile for 
forming a uniform thin film having high quality with a 
simple configuration. 

5 

Embodiment 6 

[0067] Fig. 8A and 8B show an embodiment of the 
optical system for laser heat treatment, wherein the 
io beam shape forming means 40 comprising the transfer 
lens of the fourth embodiment and the condenser lens 
of the fifth embodiment. 

[0068] The laser beam 2 emitted by the laser oscil- 
lator 1 is maintained by the intensity distribution forming 

15 means 30 to have the intensity distribution in x direction 
similar to the intensity distribution of the laser beam 2, 
and the intensity distribution in y direction is formed in 
top hat shape. The laser beam that has been formed in 
the rectangular shape is concentrated only in x direction 

20 of the intensity distribution obtained with the intensity 
distribution forming means 30 by the condenser lens 42 
that is the beam shape forming means 40 and the inten- 
sity distribution in y direction obtained with the intensity 
distribution forming means 30 is freely reduced or 

25 enlarged by the transfer lens 41 that is the beam shape 
forming means 40, thereby irradiating the amorphous or 
polycrystalline silicon thin film 5 with the laser beam. 
[0069] Since the configuration described above 
makes it possible to form uniform intensity distribution in 

30 y direction and concentrate the laser light to a limit per- 
mitted by the nature of the laser beam 2 such as direc- 
tivity in x direction, gradient of the laser light irradiation 
intensity can be made steep and the film 5 on the sub- 
strate made of amorphous or polycrystalline silicon thin 

35 film can be irradiated with the laser light, so that the lin- 
ear laser beam spot profile can be formed for forming a 
uniformly coarse-crystallized thin film silicon having 
high crystallinity with the laser heat treatment process. 
[0070] According to this embodiment, each of the 

40 transfer lens 41 and the condenser lens 42 constituting 
the beam shape forming means 40 may be a combina- 
tion of a plurality of lenses or, alternatively, any of the 
lenses may serve as the transfer lens and the con- 
denser lens. 

45 

Embodiment J 

[0071 ] Rg. 9A and 9B show intensity distributions in 
x direction on the thin film 5 calculated in the case of a 

so spherical (cylindrical) lens and an aspherical lens used, 
respectively, for the condenser lens 42 of the beam 
shape forming means 40 in the sixth embodiment. 
[0072] In this embodiment, the cylindrical surface of 
the cylindrical condenser lens 42 is made in a shape 

55 deviated from cylindrical surface, and this cylindrical 
lens is called an aspherical cylindrical lens. 
[0073] Assuming that the condenser lens 42 has 
focal length of, for example, 100 mm and laser beam 
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having a width of 40 mm in x direction is incident on the 
condenser lens 42, if the condenser lens 42 is spheri- 
cal, the beam can be concentrated to about 30 u,m in 
half beam width on the film 5 on the substrate as shown 
in Fig. 9A, although the beam spreads up to the periph- 5 
ery Under this assumption, if the condenser lens 42 is 
aspherical, the beam can be concentrated to about 25 
um in half beam width on the film 5 on the substrate as 
shown in Rg. 9B, and the spread of the beam to the 
periphery can be suppressed; consequently, gradient of 70 
the intensity distribution can be made greater than that 
of a spherical lens. 

[0074] With the configuration described above, gra- 
dient of the laser light irradiation intensity can be made 
further sharper, thereby obtaining the laser beam spot is 
profile for forming a uniformly coarse-crystallized thin 
film silicon having higher crystallinity in the simple con- 
figuration with the laser heat treatment process. 
[0075] Although this embodiment shows use of the 
aspherical lens for the condenser lens 42 only, similar 20 
effects can be achieved also by using the aspherical 
lens for the other lens. 

Embodiment 8 

25 

[0076] Fig. 10 shows this embodiment that is an 
example of placing a knife edge 50 in front of the beam 
shape forming means 40. 

[0077] The knife edge 50 is placed in the vicinity of 
the film 5 on the substrate for cutting off a part of the 30 
beam. By cutting off a part of the beam incident on the 
film 5 on the substrate in x direction with the knife edge 
50, the laser beam having infinite gradient of light inten- 
sity can be irradiated on the film 5 on the substrate. 
[0078] The use of the knife edge 50 as described 35 
above makes it possible to make the gradient of the 
laser light irradiation intensity infinitely steep, so that the 
laser beam spot profile for forming a uniform thin film 
having high quality can be obtained reliably during heat 
treatment with laser. 40 

Embodiment 9 

[0079] This embodiment is the optical system for 
laser heat treatment employing pulse width extension 45 
means 60 that is disposed between the laser oscillator 
and the intensity distribution forming means 30 for elon- 
gating and controlling the pulse width of the pulsed 
laser. 

[0080] In the pulse width extension means shown in so 
Fig. 11, a beam splitter 61 is disposed on the optical 
axis of the laser beam from the laser oscillator. First to 
fourth total reflector mirrors 62, 63, 64, 65 are located at 
the corners of a rectangle so that when a beam emitted 
from the laser oscillator 1 enters a part of reflection on 55 
the beam splitter is reflected on these mirrors to form a 
loop and returns to the beam splitter 61 after being 
reflected on the last total reflector mirror 65. 



[0081] The pulse width extension means 60 is con- 
stituted from the single beam splitter and an optical loop 
comprising three or more total reflector mirrors. The 
laser beam 2 is separated into two partial beams by the 
beam splitter 61 , with one partial beam going straight to 
enter the intensity distribution forming means 30. Other 
part of the partial laser beam reflected on the beam 
splitter 61 is reflected successively on the first total 
reflector mirror 62, the second 63, the third 64 and then 
the fourth 65, thereby to experience a delay, before 
reentering the beam splitter 61 to be multiplexed with 
the strait part of laser beam that has passed the beam 
splitter 61 and to enter the intensity distribution forming 
means 30. Synthesis with the delayed beam can extend 
the pulse width of the total laser beam, thereby allowing 
duration of laser irradiation per pulse to change depend- 
ing on properties of the silicon thin film 5 having depos- 
ited on the substrate. Thus, Using the pulse width 
extension means, time period per pulse can be adapted 
to the optimum grain growth conditions for larger crystal 
grains of the crystallized silicon. In this manner, the 
pulse width extension means has advantages of con- 
trolling the pulsed heat duration of crystal growing proc- 
ess, allowing a variety of thin films different in thickness 
to be changed to high crystallinity to provide a uniformly 
coarse-crystallized thin film silicon. 

Claims 

1. An optical system for laser heat treatment for heat- 
treating a film (5) formed on a substrate (7) by irra- 
diating with a laser beam (2), comprising 

intensity distribution forming means (30) for 
regulating the light intensity distribution in the 
cross section of the laser beam (2) emitted by a 
laser oscillator (1), and 

beam shape forming means (40) for forming a 
rectangular beam shape on the film (5) on the 
substrate (7), 

wherein the intensity distribution forming 
means (30) generate a uniform intensity distri- 
bution of the laser beam in y direction in the 
beam cross section perpendicular to an optical 
axis of the laser beam (2) while maintaining in 
the x direction, perpendicular to the y direction 
in the beam cross section, the intensity distri- 
bution of the laser beam (2) substantially iden- 
tical to that of the laser beam (2) as emitted 
from the laser oscillator (1 ); and 
wherein the beam shape forming means (40) 
reduce and/or enlarge the dimension of the 
laser beam received from the intensity distribu- 
tion forming means (30) in the x direction 
and/or the y direction to form a rectangular 
beam shape small in the x direction and large 
in the y direction on the film surface (C). 
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2. The system according to claim 1 , 

wherein the intensity distribution forming means 
(30) comprise a transparent element (31) having a 
pair of reflecting planes opposed to each other in y 
direction with a distance to multiplex a part of the 
laser beam reflected on both reflecting planes from 
the laser oscillator (1) and the rest of the laser 
beam passing straight between the reflecting 
planes, wherein the multiplexed light is introduced 
into the beam shape forming means (40). 

3. The system according to claim 1, 

wherein the intensity distribution forming means 
(30) include a pair of separated cylindrical lenses 
(34) which are divided in the y direction with a 
space and extend in the x direction to multiplex a 
part of the laser beam from the laser oscillator 
refracted by the separated cylindrical lens (34) and 
a laser beam passing straight through the space 
between the cylindrical lenses (34) and introduce 
the multiplexed beam to the beam shape forming 
means (40). 

4. The system according to any one of claims 1 to 3, 
wherein the beam shape forming means (40) com- 
prise a transfer lens (34) for transferring onto the 
thin film (5) on the substrate (7) the laser beam of 
the uniform intensity distribution in the y direction 
which is obtained by the intensity distribution form- 
ing means (30), the transfer lens (41) projecting the 
elongated profile to the y direction of the rectangu- 
lar beam onto the film (5). 



the optical system according to any one of claims 1 
to 7 and a stage adapted to mount a substrate, 
wherein the laser beam having a rectangular cross 
section supplied from the optical system is adapted 
5 to be scanned over the surface of the film (5) 

formed on the substrate (7) in x direction, perform- 
ing the heating and cooling of the film (5) of the sub- 
strate (7) continuously. 

10 9. A method of producing semiconductor devices hav- 
ing a semiconductor thin film by using the optical 
system for laser heat treatment of any one of claims 
1 to 7, which comprises scanning the surface of a 
semiconductor film material on the substrate (7) in 

15 the x direction with the laser beam having a rectan- 
gular cross section generated by the optical sys- 
tem, and heating and cooling the surface 
continuously to produce coarse crystal grains 
grown in the semiconductor thin film 

20 

10. The method according to claim 9, 

wherein the semiconductor film is an amorphous or 
polycrystalline silicon thin film deposited on the 
substrate (7) in advance. 

25 



30 



5. The system according to any one of claims 1 to 4, 
wherein the beam shape forming means (40) 35 
include a condenser lens (42) which concentrates 
only the light intensity distribution in x direction, the 
condenser lens (42) condensing the laser beam 
onto the thin film (5). 

40 

6. The system according to any one of claims 1 to 5, 
wherein the optical system further includes a knife 
edge (50) adapted to be located in proximity to the 
thin film (5) on the substrate (7) for cutting off a part 

of the laser beam cross section onto the film (5) in x 45 
direction. 



7. The system according to any one of claims 1 to 6, 
wherein the optical system further includes pulse 
width extension means (60) for splitting a pulsed so 
laser beam (2) emitted by the laser oscillator (1 ) 
into two parts different in their path lengths and mul- 
tiplexing the separated laser beams and introduc- 
ing the multiplexed beam to the intensity distribution 
forming means (30) or the beam shape forming ss 
means (40). 

8. An apparatus for laser heat treatment comprising 
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(57) An optical system that controls laser beam spot 
profile for forming a high performance thin film (5) by a 
laser heat treatment process is provided. In the optical 
system that irradiates a rectangular laser beam (2) on 
a film (5) formed on a substrate (7), intensity distribution 
forming means (30) make the intensity distribution uni- 
form in the longitudinal direction while maintaining the 



properties of the laser beam (2) such as directivity in the 
direction of the shorter side, thereby making it possible 
to concentrate the light to a limit permitted by the nature 
of the laser beam (2) and achieve the maximum intensity 
gradient on the film (5) disposed on the substrate (7). 
Thus, a steep temperature distribution can be generated 
on the film (5) disposed on the substrate (7) and, as a 
result, high performance thin film can be formed. 
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